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Is creatinine clearance a reliable measure of glomerular filtration rate?
'There is nothing in this world constant, but inconstancy. ' Swift, A Critical Essay upon the Faculties of the Mind.
A substance used to assess GFR by measurement of its renal clearance must be filtered freely at the renal glomerulus, must be neither secreted nor reabsorbed by the renal tubule and must have a constant plasma concentration during the period of measurement. Inulin and 51Cr-EDTA largely fulfil these criteria, I but clearance measurements using these substances involve infusion and are impracticable for general clinical use. TUBULAR SECRETION OF CREATININE Endogenous creatinine clearance was widely adopted as a substitute for inulin clearance because of its greater convenience for doctor, patient and laboratory and because, unlike urea clearance, it was not dependent on the rate of urine flow. 2 However, creatinine is actively secreted by the renal tubule at all plasma concentrations (reviewed by Wessorr'). Normal creatinine clearance may be up to 30% greater than inulin clearance when true plasma creatinine is measured after removing 'non-creatinine This paper was prepared at the invitation of the Working Party for Clinical Laboratory Investigations of the Scientific Committee of the Association of Clinical Biochemists. The views expressed are those of the author and are not necessarily those of the Scientific Committee. chromogens'. When plasma 'total chromogens' are measured the calculated clearance value is artefactually lower and in health fortuitously approximates the true GFR more closely. If plasma creatinine concentration is increased, either by renal disease or by infusion of exogenous creatinine, creatinine clearance may attain values up to twice those of inulin clearance because of increased tubular secretion, and also because in renal disease true creatinine rises faster than non-creatinine chrornogens." CONSTANCY OF PLASMA CREATININE CONCENTRATION It is the usual clinical practice to measure creatinine clearance over 24 h. Shorter urine collection periods of 1 h or 2 h require very accurate timing with close supervision, and catheterisation with bladder irrigation may be necessary to ensure complete recovery of urine." 6 Plasma creatinine concentration is certainly not constant over 24 h in subjects on a meat-containing diet. It had increased by 30% 7 h after normal meals of ordinary hospital food? and had increased by as much as 70-80% 3 h after 300 g (2f31b) of boiled beef in goulash or stew. K A breakfast containing 225 g of boiled beef increased plasma creatinine an average of 52% within 1·5 to 3·5 h." After 300 g of boiled beef values were still elevated 20 h later ( Fig.  1 ). III Plasma creatinine does not change during the day when no food is taken?' 11 (although prolonged fasting can elevate measured values because of analytical interference by acetoacetatej.V' 13 nor when non-meat protein is eaten." There is some evidence of an effect of muscular activity; 15 min after 20 min of strenuous exercise plasma creatinine had risen by 14%. O=Serum urea substance concentration; .=serum creatinine substance concentration; &=serum fhrnicroglobulin mass concentration. Mean±SEM (n=6, *=3). intra-renal system, IS, 16 but this responds to changes in plasma amino acid concentration. During the infusion of a 10% amino acid solution, the mean creatinine clearance of patients receiving parenteral nutrition rose by 69% from 116 mUmin during a saline control period to 196 mlzmin.!" Inulin clearance in normal subjects was 23% higher when measured immediately after eating high protein meals than after low protein meals." Both inulin clearance and creatinine clearance increased by over 50% in four normal subjects 2 h after a meal containing 80 g (lI61b) of cooked meat.l'' and the mean creatinine clearance of 16 normal subjects had increased from 123 to 157 mUmin 2 h after the same dietary load. 2o In eight normal subjects 90 g of milk protein did not change creatinine clearance while 90 g of meat protein produced an 18% increase.I' possibly a consequence of different amino acid compositions; amino acids differ in their effects on GFR,22
SUSTAINED EFFECT OF DIET ON 24 H CREATININE CLEARANCE?
Sustained changes in 24 h creatinine clearance in response to dietary alterations have been reported. Creatinine clearance was 25% higher in normal subjects when on a high-protein diet than when on a low-protein diet'? and had risen 80% in patients with anorexia nervosa following treatrnent.P Meat-eaters had values for 24 h creatinine clearance that were 63% higher than those of vegetarians. 19 However, Doolan, Alpen and Thiel 24 have pointed out that dietary meat was recognised as a major determinant of urine creatinine output as long ago as 1933. A diet containing meat increases 24 h urine creatinine excretion by as much as 66% (reviewed by Heymsfield et aP5). The differences in 24 h creatinine clearance described above are entirely attributable to changes in creatinine excretion because fasting plasma concentrations did not differ significantly. Thus, the apparent long-term increase in creatinine clearance in response to meateating is the consequence of relating a urine creatinine excretion including an increased post-prandial component to an unchanged basal plasma creatinine clearance concentration. This view is supported by the finding that six patients with good functioning renal transplants after 4 weeks on a low protein diet and 4 weeks on a high protein diet showed no change in 51Cr_ EDTA clearance."
Brenner, Meyer and Hostetter" proposed that sustained increases in renal blood flow and GFR follow sustained excesses of protein in the modern diet and are responsible for the progressive nature of kidney disease. However, sustained effects of protein on GFR have not been demonstrated in man.
In summary, even with the most carefully timed collection of urine, 24 h creatinine clearance is an inaccurate measure of GFR because of the tubular secretion of creatinine and because over 24 h on a diet containing meat there are post-prandial increases in plasma creatinine concentration and in urine creatinine output. In addition, true GFR increases transiently in response to food during the day. The recommendation that 24 h creatinine clearance should be determined on a meat-free dier" has not been widely adopted. Re-analysis of the data from 198 normal men and 104 men with renal disease published by Bauer et al. 29 The correlation coefficients do not differ significantly between columns.
Even when the dietary sources of variation discussed above are avoided, and creatinine clearance is measured on fasting subjects using replicate short urine collections, it cannot be used to predict inulin clearance with confidence and it is no better for this purpose than the reciprocal of plasma creatinine concentration (Table 1) . 32 investigated a larger number of individuals because they believed that at that time no satisfactory age-adjusted normal standards for creatinine clearance were available. They measured 24 h true creatinine clearance in 548 highly educated men aged 17-96 years after thorough screening for disease and found that the normal creatinine clearance fell linearly by 30% from 30 to 80 years. Their data, after they had adjusted plasma values to estimate 'total chromogen' clearance.P are shown in Table 2 .
Is creatinine clearance as useful as plasma creatinine in clinical practice
There are no reference data for 24 h creatinine clearance by age measured in subjects on a meat-free diet. In contrast, the few studies that have reported early morning plasma creatinine concentrations through normal adult life have demon- The plasma creatinine concentrations of 17 456 working women average 9·6 umol/L less than that of men in all age groups. "Calculated from published standard deviations. The authors did not take account of the logarithmic distribution of normal plasma creatinine concentrations." strated little change with age.F: 34. 35 The data for healthy working men from the largest series are shown in Table 3 . The constancy of values in each adult age group for each sex is remarkable, and contrasts strongly with the fall with age of 24 h creatinine clearance. The latter is paralleled by a fall of 24 h creatinine excretion which has been attributed to a fall in muscle mass with age.": 32 but which may be contributed to by a concomitant fall in meat consumption. Throughout the course of normal pregnancy both inulin clearance and 24 h endogenous creatinine clearance are elevated by about 50% and, because creatinine excretion is unchanged, plasma creatirune concentration is lower by about one-third, but there are only limited reference data.i": 37, 3K The most recent study of plasma creatinine through pregnancy is shown in Table 4 . 39 In infancy and childhood, the difficulties of collecting an accurately-timed urine sample are such that published reference data for creatinine clearance have little clinical relevance.:" The striking changes in plasma creatinine from infancy through to adolescence"! are summarised in Fig. 2 . The decline in plasma creatinine concentration with increasing post-natal and gestational age in the first month of life has been documented in detail. 42 
REPRODUCIBILITY
If the day-to-day coefficient of variation (CV) of a single measurement of creatinine in plasma or urine is, say, 7%, the minimum day-to-day CV of creatinine clearance requiring two measurements is~=10%.4.1 A careful study oftwo highly motivated clinical laboratory employees over 2 months has confirmed this prediction." The day-to-day CVs of serum creatinine were 8·1% and 7·8%; those of creatinine clearance were Il·5'X, and 10·3%. However, the reproducibility of creatinine clearance measurements in clinical practice is considerably worse. In an investigation in which patients were instructed in the Nephrology Department by a nurse and the analyses were performed as part of the hospital's routine procedure, the mean day-to-day CV in 36 patients with normal or mildly impaired renal function was as high as 27%. 4~The authors agree with de Wardener''" that an accuratelytimed collection of urine is incredibly difficult to obtain.
DETECTION OF ABNORMAL OR CHANGING

GLOMERULAR FUNCTION
Whether creatinine clearance or plasma creatinine becomes abnormal first when glomerular function deteriorates must depend on the location of the individual's values in health within the bivariate age and sex-matched reference range for the two measurements; in a patient with a constant creatinine excretion, plasma creatinine is more often the first to become abnormal because of the smaller contribution imprecision makes to its reference range. This argument is discussed in detail by Morgan, Dillon and Payne. 43 Reference ranges are more readily available and more easily determined for plasma creatinine than for creatinine clearance.
To follow changes in glomerular function in a patient with a constant muscle mass, fasting plasma creatinine is clearly more reliable than creatinine clearance because it has a sm~ller day-to-day imprecision in the individual. Plasma creatinine concentration itself may reflect the morbidity of a patient with slowly progressive renal failure more closely than creatinine clearance because it is likely to parallel the increasing plasma concentration of 'uraemic toxins', but there are advantages in defining the trend of the fall in GFR with time both to detect intercurrent causes of more rapid deterioration and to predict when renal transplantation may be necessary. 47 The trend is often linear and can be assessed by plotting against time a transformation of the plasma creatinine concentration, usually the reciprocal or, more conveniently, UP divided by the value in urnol/L. This 'works' in clinical practice, although urine creatinine excretion falls steadily during the progression of chronic renal failure, partly due to changes in muscle mass and diet but largely because an increasing fraction of creatinine is metabolised rather than excreted. 48 Both plasma creatinine and lean body mass are about 10% lower in women than in men. Can the clinical usefulness of plasma creatinine in each sex be increased by taking account of body size? The only study within groups of men and women showed no reduction in variance after adjustment for body surface area calculated from height and weight.f" Perhaps the strongest argument for retaining some direct measure of GFR is that the initial dose of potentially toxic drugs that are eliminated largely by renal excretion must be adjusted for reduced glomerular filtration, although subsequent treatment is adjusted according to the clinical response and the measured plasma concentration achieved.f" However, because of its inherent errors and difficulties, creatinine clearance is used rarely for this purpose and dosing regimes are based on the simple measurement of plasma creatinine (reviewed by Chennavasin and Braterj.l" The principles involved in dose-adjustment are that account must be taken both of the normal age-related changes in GFR with a plasma creatinine concentration within the reference range and of the fall in GFR due to renal disease shown by a proportional increase of plasma creatinine above the mean of the reference range.f?: 51 In summary, creatinine clearance may be clinically misleading, and the questions asked of it can be answered more reliably by plasma creatinine concentration.
Interpretation of plasma creatinine concentration
(1) Separate reference ranges are required for infancy and childhood,41,42 for men and for women during adult life 34, 35 and for pregnancy.t- 39 (2) Samples from patients and samples used to contrast reference ranges should be taken at least 10 h after the last meal containing meat, for example, in the morning after a meat-free breakfast.
(3) Values may be altered with no change in glomerular function in a number of clinical situations:
(a) Plasma creatinine may be spuriously elevated in patients with ketosis due to interference with the Jaffe reaction by acetoacetate'F even with reaction rate methods. 52, 53 (b) Plasma creatinine may be misleadingly low in patients with marked muscle wasting because of decreased synthesis": 24, 54 and in patients with marked jaundice because bilirubin interferes with some analytical methods. 55 (c) Plasma creatinine may be elevated by the inhibition of tubular creatinine secretion in patients receiving salicylate,56 cotrimoxazole.V: 58 trimethopnm.t? or cimetidine.P" 61
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(d) Plasma creatinine may be either elevated or lowered by a method-dependent analytical interference in patients receiving cephalosporin antibiotics.P': 63
If these patients do not have an acute illness, fasting plasma urea concentration may be a more reliable guide to glomerular function, 64 (4) Plasma creatinine may be reduced in patients receiving parenteral nutrition with amino acid solutions because of a true increase in GFR. 17 (5) In acute renal failure neither plasma creatinine nor creatinine clearance reflect true GFR because plasma creatinine is not constant but rising,6S taking perhaps 2-3 days to reach a new steady state, and because there is evidence for a tubular 'backflow' of filtered creatinine.?"
Conclusions
Creatinine clearance is an inaccurate and imprecise measure of glomerular filtration rate in clinical practice. The questions asked of it (Is glomerular function abnormal? How abnormal is it? Has it changed?) can be answered with greater accuracy and precision by plasma creatinine if the factors affecting its concentration are taken into account. Health resources are wasted by the routine measurement of creatinine clearance; it should be abandoned. 'Practically, if not heuristically, it is better to be right by short-cut methods than to be wrong through the application of impeccable reasoning to artificially limited information.' D A K Black.f"
